ABSTRACT Background and objectives: Post-operative complications of endovascular aneurysm repair, such as endoleaks, migration, or angular bands in a stent-graft or narrowing and occlusion of a stent-graft lumen are potentially life-threatening and difficult to perceive without constant monitoring. Therefore, our work aimed to propose a new ex-vivo system called Human-Cardiovascular-System-Phantom (HCSP) to simulate pulsatile hemodynamic in the abdominal aortic aneurysm (AAA) before and after stent-graft placement. Materials and Methods: To verify the system twelve AAA-models, before and after medical treatment, were reconstructed based on medical data from AngioCT and US-Doppler. Furthermore, the 3D printed models were installed in the HCSP to reconstruct pulsatile flow and mechanical behavior of the aortic aneurysm wall which was tracked with DC. Clinical data, including results from 2D-Speckle-tracking-technique (2DSTT), were also used to verify wall deformation for heart rate ranging between 60 to 120 min −1 , and were confronted with results on wall deformation measured with DC in 3D printed aneurysms. Results: HCSP was able to track and calculate wall deformation with accuracy from 94.4% to 100% compared to 2DSTT. Wall deformation calculated with DC did not statistically vary from 2DSTT values. For instance, wall deformation measured with 2DSTT for anterior position and for 70 min −1 was equal to 4.18±0.05 mm, 3.70 ± 0.08 mm and 2.00 ± 0.08 mm for AAA, AAA+thrombus and AAA+stent-graft, respectively. Those values were comparable with those measured with DC. Conclusions: The proposed HCSP allows to successfully follow hemodynamic changes in the AAA-model with thrombus or stent-graft and under different hemodynamic conditions. Thus, our approach may be useful in monitoring the influence of a stent-graft's spatial configuration on different hemodynamic parameters inside the AAA in the laboratory conditions.
I. INTRODUCTION
The number of patients with diagnosed abdominal aorta aneurysm (AAA) is still increasing [1] . Presence of thrombus inside an aneurysm may stiffen its wall and result in both: minimization of aneurysm wall pulsation or increase in the risk of aneurysm wall rupture. Therefore, endovascular methods (endovascular aneurysm repair; EVAR) are used to improve blood hemodynamic and minimize the risk of AAA rupture [2] - [4] . The EVAR methods are associated with lower postoperative complications compared to the open surgery interventions [5] , [6] . Among the most important advantages of the EVAR methods are: no need for laparotomy (surgical opening of the abdominal cavity), a reduction of intraoperative blood loss and a shorter recovery time [7] , [8] . However, complications of the EVAR methods, such as endoleaks, migration or angular bands in the stentgraft [9] - [11] or more severe like stent-graft's lumen narrowing and occlusion may appear [12] - [15] . Additionally, thrombi can also develop inside the stent-graft, obstructing the blood flow. One of the methods used for investigation of blood flow through the vascular system are mathematical models [16] - [20] . This technique, supported with data from ultrasound and contrast enhanced computed tomography (AngioCT) is an attractive tool to reconstruct blood flow in different clinical conditions [21] - [23] . However, to further improve reliability of computational results, data from the Doppler ultrasound (US-Doppler), AngioCT, and magnetic resonance imaging (MRI) may be used to create the experimental devices for testing 3D models of the aorta (straight tube or printed models) [24] . This solution, gives the advantage of reconstructing blood flow through the different types and spatial configuration of vessels [21] , [22] . Moreover, it gives the opportunity to test blood hemodynamic in different clinical conditions without exposing a patient to threat [25] , [26] . Therefore, both in vitro and ex vivo research are performed to find new strategies to protect the circulatory system [27] - [29] . Nevertheless, as in vivo experiments may not directly reflect the changes in human body, ex vivo experiments have less limitations as they may be performed on tissues or on primary cells and may replicate hemodynamic factors that enable investigation of laminar and pulsatile flow under various pressure conditions [30] - [34] . However, most of the ex vivo models published so far deal with the laminar flow through the artificial arteries [35] , [36] or graft preservation solutions [37] . Meanwhile, the pulsatile character of blood flow in the arterial system causes a strong and recurrent stretch of arteries' walls that may result in wall damage, especially in case of pre-existing alterations such as atherosclerosis [38] . Nonetheless, so far few efforts have been taken to exploit the potential of ex vivo vessel bioreactors towards a high-fidelity ex vivo replication of the hemodynamic factors affecting arterial wall behavior in an artificial environment [39] - [41] . Therefore, the aim of this study was to design a novel, patient-specific Human-CardiovascularSystem-Phantom (HCSP) for testing associations between spatial configuration of the AAA models and changes of blood hemodynamic as well as aortic wall deformations. This approach allows to analyze data from three groups of patients: with the AAA,;ith the AAA and artificial thrombus attached to the wall,;nd with the AAA after stent-graft placement.
In Section II experimental setup, medical data processing and preparation of the 3d elastic model of AAA, examination conditions and statistical analysis in the paper are described. Section III presents the results described in the mathematical description of aortic wall deformation with the use of HCSP system. In Section IV proposed system properties are discussed while Section V concludes the paper.
II. MATERIAL AND METHODS

A. PHANTOM CONSTRUCTION
In this study we designed and build Human-CardiovascularSystem-Phantom (HCSP) that is a phantom of cardiovascular system that allows reconstruction of blood hemodynamic in printed models of the aorta and/or AAA ( Figure 1 ). The main part of the installation is a transparent, rectangular, container made of plexy ( Figure 1D ) (15 liters of capacity) where elastic 3d AAA models ( Figure 1E ) (described below) were placed. The pump ( Figure 1F ) was supplying the model with non-commercial fluid mimicking blood's rheological properties, which consisted of 60% of distilled water and 40% of glycerol (density of 1.2 g cm −3 and viscosity of 4.8 × 10 −3 Pa·s) [24] . The pulsating character of a flow was achieved with the use of originally designed and build pulsator, placed on the top of the installation. A moving plager placed in a stainless-steel corpus called an artificial heart ( Figure 1A ) regulated ejection pressure, ejection volume, and frequency of pulsation. These parameters were controlled by an electrical engine connected to the computer. The pulsator was supplied with a self-constructed electric impulse generator to adjust entry values according to the ECG trace recorded each time in analyzed patients (described below) [42] . Different ECG records, obtained from the analyzed patients, were set each time as an inlet boundary condition for our phantom for specific 3d model of AAA. Therefore, each time, a specified amount of medium supplies the analyzed vessel. Moreover, hemodynamic parameters, e.g., flow/velocity and pressure were monitored with the use of ultrasound flow meters ( Figure 1B ) and pressure sensors ( Figure 1C ). To set realistic inlet conditions at the inlet of analyzed vessels, the artificial heart was designed and programmed. It mimicked the blood hemodynamic as we previously described [43] . Moreover, technical specification of applied sensors included: 0.024-60 L/min ±2% (ultrasound flow meters, made by Bamo), 0-6 bar ±0.5% (pressure sensor, made by Wika). Furthermore, to simulate the internal pressure that exists within the abdominal cavity, the vessel chamber was filled with non-commercial fluid mimicking blood's rheological properties. Liquid was directed through the AAA models fixed in the container.
Supervisory control and data acquisition (SCADA) system for the measurement of pressure, flow and velocity in real time, was prepared with the use of LabView 2011 software (National Instrument, USA). The SCADA system controlled pulsatile flow through the invertors connected with the pump and pulsator. Pulsation of the AAA wall was measured in two ways: (i) with the ultrasound 2D-Speckle tracking technique (2DSTT) (GE Vivid 7, GE Healthcare, USA) and (ii) with the use of digital camera (DC) system.
One set of 10 cycles of systole and diastole pressure was recorded for three sides: anterior, posterior and lateral. Due to the shape of the AAA that was curved in most cases, the AAA wall that was most distant from the container's wall was not evaluated. Examinations were performed for each side separately to clearly visualize the closest segment of the AAA wall. The AAA models were examined in three clinical groups: (i) the AAA without the thrombus and stent-graft (AAA), (ii) the AAA with the thrombus at the posterior wall (AAA+thrombus), and (iii) the AAA after implantation of the stent-graft (AAA+stent-graft) (Zenith; COOK; Cook Medical, USA). Models without thrombus or stent-graft were used as a reference to evaluate the influence of both these elements on blood hemodynamic. Both, stent-grafts and thrombus were placed in the same position as in the analyzed patients.
B. MEDICAL DATA PROCESSING AND PREPARATION OF THE 3D ELASTIC MODEL OF AAA
We used AngioCT data (GE Light-Speed 64 VCT; GE Healthcare, Fairfield, CT, USA) for the reconstruction of twelve digital aneurysm geometries, further utilized to create an elastic 3d models of AAA. We analyzed three groups of male patients: (i) AAA (n=4), (ii) AAA+thrombus (n=4) (iii) AAA+stent-graft (n=4). Patients with stent-grafts were examined before and after stent-graft placement. Patients clinical description was gathered in Figure 2 and thoroughly described in our previous paper [42] . Patients' data were retrospectively collected after obtaining written informed consent to participate in the study. Medical data and images were anonymized by coding information before access and analysis. The study protocol was approved by the local ethics committee of Medical University of Lodz (RNN/126/07/KE).
Average inlet and outlet diameters (left and right) for the AAA and AAA+stent-graft groups were approximately 23 To prepare a virtual 3d geometries of the AAA models we used the 3DDoctor software (Able Software Corp., Lexington, MA, USA) which utilizes medical data [44] . We based on data from medical imaging technique, AngioCT, which visualized arteries just below the renal arteries and up to both iliac arteries which allowed us to evaluate the morphology of the abdominal aortic aneurysm. The resolution of medical data is of importance and we used 512 × 512 and approximately 600 slices with voxel size of 0.44 mm × 0.44 mm × 0.63 mm. At the first step, AngioCT data had to be manually adjusted for brightness to achieve the highest contrast between blood vessels and surrounding tissues. Then, the region growing technique was applied to extract vessels from the background. Next, due to large brightness intensity variation inside the vessel, we used ImageJ software (Wayne-Rasband, NIH) for manual filling of small gaps inside the blood vessel's wall. Finally, 3DDoctor software was applied to build 3D virtual models of analyzed vessels, which were eventually printed with the use of 3D printing technique. In each case the inlet to the model was just below the superior mesenteric artery origin and the outlets were localized in the common iliac arteries at the level below the stent-graft ending. Next, the 3d AAA models were printed from an elastic material Tango Plus (tensile strength 0.8-1.5 MPa, elongation at break 170-220%, compressive set 4-5%, shore hardness 26-28 scale A, tensile tear resistance 2-4 kg cm −1 , polymerized density 1.12-1.13 g cm −3 ), which resembles biomechanical features of the arterial wall (3D printer, Object Eden 350, USA). Artificial thrombus was made of the same material as the AAA models and was located each time in the lumen of the aneurysm after making two-centimeter-long incision at the superior aspect of the posterior wall. Next, the thrombus was fixed with silicon to the posterior wall, close to the line of incision. The incision was also closed with the silicon. Each time the shape of the thrombus was reconstructed from AngioCT data of a specific patient. Similarly, stent-graft placement was alike the thrombus location. A stent-graft was fixed to the wall of the aneurysm with standard hooks via an incision which was closed with silicone. All records of wall movement were recorded at least four centimeters from the lines of incisions to avoid incorrect measurements.
C. EXAMINATION CONDITIONS
Each model was tested for four hemodynamic conditions (heart rate and left ventricle stroke volume). First, under conditions recorded from patients at a day of ultrasound strain examination. Next, two higher and one lower hemodynamic condition comparable to the one observed in a clinic were tested. Therefore, for each patient four hemodynamic conditions were checked (Table I) . Moreover, for each analyzed patient wall deformation was measured during ten contraction-relaxation cycles with the use of 2D-Speckle tracking technique (2DSTT) and GE Vivid 7 ultrasound apparatus (GE Medical System, Milwaukee, WI, USA) with a high-resolution linear transducer (14 MHz). The same procedure was repeated for 3d AAA models. This allowed to verify matching of experimental setting and AAA models with clinical data. Moreover, data form 2DSTT were compared with data of wall deformation recorded with digital camera (DC) connected to the installation.
D. STATISTICAL ANALYSIS
Statistical analysis was performed using Statistica12.0 (Tulsa, USA). Data were presented as mean±SD (standard deviation). In statistical analysis p<0.05 was considered significant. Normality of data distribution was checked with the Shapiro-Wilk test. Analysis of variance with the posthoc tests (Turkey test) was used to evaluate differences in strain parameters for each wall segment with different fluid pressures applied. The Friedman analysis of variance for repeated measurements with dedicated post-hoc tests was used to evaluate differences in strain parameters for each wall segment between different fluid pressures and different clinical conditions.
III. RESULTS
The HCSP associated with 2DSTT and DC allowed to reconstruct wall deformation of twelve artificial aneurysm models which were compared to clinical data calculated with 2DSTT. We also analyzed wall deformation for lower and higher frequency of heart rate using 2DSTT and DC.
Firstly, clinical data were used to verify wall deformation for the heart rate of 70 min −1 . Those results were next confronted with wall deformation obtained for artificial aneurysms measured with DC and 2DSTT ( Figure 3 ). As the shape of aneurysms was not uniform, we analyzed anterior, lateral and posterior wall separately. For clinical data wall deformation for anterior position was equal to 4.23±0.10 mm, 3.85±0.13 mm and 2.05±0.21 mm for AAA, AAA+thrombus and AAA+stent-graft, respectively (Figure 3a) , which was comparable with wall deformation of artificial aneurysms measured with 2DSTT and DC. The accuracy of wall deformation measurements recorded with the 2DSTT and DC compared to clinical data reached 98.8% and 99.4% for AAA, 96.1% and 98.1% for AAA+thrombus (Figure 3b ) and, 97.6% and 97.6% for AAA+stent-graft (Figure 3c ). In case of lateral position wall deformation for clinical data was equal to 4.23±0.05 mm, 3.90±0.08 mm and 2.08±0.10 mm for AAA, AAA+thrombus and AAA+stent-graft, respectively (Figure 3a) . This was comparable with data gathered for artificial aneurysms calculated with the 2DSTT and DC. Similarly, like for anterior position the accuracy of experimentally calculated wall deformation for AAA, AAA+thrombus and AAA+stent-graft was respectively: 99.4%, 99.4% and 97.6% for the 2DSTT Secondly, we analyzed wall deformation for wider range of heart rate (60 min −1 , 70 min −1 , 90 min −1 and 120 min −1 ) for AAA, AAA+stent-graft and AAA+thrombus in anterior, lateral and posterior wall with the use of 2DSTT and DC (Figure 4) . The results indicated that wall deformation values increased with increasing frequency of pulsation and that changes in wall deformation were smallest in case of AAA+stent-graft compared to AAA or AAA+thrombus.
Importantly, the results presented that in all analyzed cases the HCSP system was able to track and calculate wall deformation with accuracy from 94.4% to 100% compared to 2DSTT. The precision depended on aneurysm shape and wall position. Wall deformation calculated with the DC did not statistically vary from 2DSTT values. For instance, wall deformation measured with the 2DSTT for anterior position for 60 min −1 was equal to 3.62±0.30 mm, 3.23±0.17 mm and 1.49±0.41 mm for AAA, AAA+thrombus and AAA+stent-graft, respectively, which was comparable with 3.83±0.31 mm, 3.18±0.17 mm and 1.53±0.41 mm measured with the DC. Therefore, we accomplished 94.8%, 98.3% and 97.5% for AAA, AAA+thrombus and AAA+stent-graft, respectively compared to the DC. Whereas, for 70 min −1 wall deformations in the same plane was equal to 4.18±0.05 mm, 3.70±0.08 mm and 2.00±0.08 mm for AAA, AAA+thrombus and AAA+stent-graft, respectively which was comparable with values measured with the DC (Table IV) . Similarly, wall deformation for anterior position for 90 min −1 was equal to 4.80±0.08 mm, 3.70±0.08 mm and 2.25±0.06 mm for AAA, AAA+thrombus and AAA+stent-graft, respectively, which was comparable with values measured with the DC (4.73±0.05 mm, 3.78±0.13 mm and 2.20±0.08 mm, respectively). Also, no significant difference was shown for heart rate of 120 min −1 in the 2DSTT and DC.
IV. DISCUSSION
In our study we designed a HCSP system phantom and verified its usability in the analysis of twelve artificial AAA models reconstructed from medical data. Our results indicated that artificial AAA models behave similarly to the AAAs observed in clinical cases. This approach for a new ex-vivo model verification was in line with other authors [24] , [45] . For instance, Bihari et al. investigated silicon model of aneurysm perfused in a pulsatile artificial circulatory system. They observed strong correlation between in-vitro and exvivo results [45] . Similarly, Urbina et al. [24] who designed artificial system for blood hemodynamic reconstruction in healthy aortic arch and aortic arch with coarctation, observed comparable results (approximately 80% of similarity) for clinical cases and artificial aortic arch with coarctation. Although this model approach is widely accepted, there are multiple techniques for measuring and analyzing models' parameters.
In our study we used 2DSTT and DC techniques to describe wall deformation of the artificial AAA models in different physiological and pathological conditions. Both, techniques indicated that stent-graft decreases wall deformation and confirmed that it stabilizes the AAA wall which might decrease the potential risk of aortic rupture. Moreover, lower stresses on the wall might lead to a decrease in the risk of stent-graft movement. The approach which we used to evaluate our phantom was previously used by other authors. For instance Fadel et al. [46] proofed that echocardiography is a useful tool for investigation of aortic aneurysms. Whereas, Satriano et al. [47] proposed a 3D image-based approach to compute aortic wall strain maps in-vivo. Similar, observation had Karatolios et al. [48] who used time-resolved three-dimensional ultrasonography coupled with speckletracking algorithms and finite element analysis for analysis of 8 patients . They indicated that healthy abdominal aortas presented reduction of mean strains and increased spatial heterogeneity and more pronounced temporal desynchrony as well as delayed systole compared to the abdominal aortic aneurysm cases [48] . Furthermore, Derwich et al. [49] noticed that with the use of 4D-US strain imaging system functional differences between young, old, and aneurysmal aorta can be described. Their results showed that age and sex have influence on circumferential strain, as the maximum local strain amplitude was significantly higher in the young compared with the old or aneurysmal aorta [49] .
Finally, we showed that the presence of the thrombus or stent-graft decrease wall deformation. This is in line with, Metaxa et al. [50] who indicated that posterior thrombus deposition in AAA models is associated with significantly lower growth rate and lower posterior maximum wall stress compared with that of AAA models with anterior thrombus deposition and could potentially indicate a lower rupture risk. However, for the AAA+stent-graft model we showed that the construction of the stent-graft and its anchorage significantly minimized the influence of pulsation frequency. It was in line with Metaxa et al. [50] who indicated that the risk of aneurysm rupture corresponded with the unique geometry of every individual abdominal aortic aneurysm as well as the mechanical properties and the local strength of the degenerated aneurysmal wall . Similarly, observed Bihari et al. who investigated silicon model of abdominal aortic aneurysm in a pulsatile artificial circulatory system. The authors presented that displacement parameters measured in-vitro by 3D ultrasound and laser scan micrometer or video analysis were significantly correlated with each other at pulse pressures between 40 and 80 mmHg. They also identified strong local differences in displacement and strain [45] . On the other hand, Li et al. [51] documented that stent-graft implantation significantly decreased blood pressure in an aneurysm sac and decrease pulsations on the aortic wall. Furthermore, Cheng et al. [22] presented that stent-graft implantation to thoracic aorta increase blood resistance from 21.0 N to 24.8 N. This increase may lower the risk of postoperative stent-graft complications such as stent-graft migration.
Therefore, the proposed patient-based phantom and the applied technique may become a useful tool for optimization of endovascular prosthesis implantation in laboratory conditions.
LIMITATION TO THE STUDY However, we may see some limitations of the HCSP system. Firstly, we analyzed arteries which length was not longer than 30 cm, as well as the diameter of aneurysm not higher than 10 cm. Such size was dictated by the size of transparent container, where artificial vessel was positioned. Therefore, further adjustments of the vessel's container tank and test on shorter and longer arteries must be made to test its versatility. Secondly, the construction of inlet and outlet stub pipes is limited to the aorta and abdominal aortic aneurysm. Therefore, further adjustments should be made for smaller vessels like carotid arteries or veins.
V. CONCLUSIONS
The application of HCSP enabled to reconstruct blood hemodynamic for different physiological and pathological conditions of the AAA. Comparison of three groups of patients showed that the AAA+thrombus and AAA+stent-graft is characterized by lower wall pulsation comparing to the AAA model.
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